Abstract We compile a sample of spectral energy distribution (SED) of 12 GeV radio galaxies (RGs), including eight FR I RGs and four FR II RGs. These SEDs can be represented with the one-zone leptonic model. No significant unification as expected in the unification model is found for the derived jet parameters between FR I RGs and BL Lacertae objects (BL Lacs) and between FR II RGs and flat spectrum radio quasars (FSRQs). However, on average FR I RGs have the larger γ b (break Lorentz factor of electrons) and lower B (magnetic field strength) than FR II RGs, analogous to the differences between BL Lacs and FSRQs. The derived Doppler factors (δ) of RGs are on average smaller than that of balzars, which is consistent with the unification model that RGs are the misaligned parent populations of blazars with smaller δ. On the basis of jet parameters from SED fits, we calculate their jet powers and the powers carried by each component, and compare their jet compositions and radiation efficiencies with blazars. Most of the RG jets may be dominated by particles, like BL Lacs, not FSRQs. However, the jets of RGs with higher radiation efficiencies tend to have higher jet magnetization. A strong anticorrelation between synchrotron peak frequency and jet power is observed for the GeV RGs and blazars in both the observer and co-moving frames, indicating that the "sequence" behavior among blazars, together with the GeV RGs, may be dominated by the jet power intrinsically.
INTRODUCTION
Radio galaxies (RGs) belong to a sub-class of active galactic nuclei (AGNs). It was 40 years ago that Fanaroff & Riley (1974) classified RGs into two groups: Fanaroff & Riley Class I (FR I) and Class II (FR II) RGs according to their radio morphology; FR I RGs are core-dominated with "edge-dimmed" radio lobes and FR II RGs are lobe-dominated with "edge-brightened" radio lobes. The classification of radio morphology for RGs is consistent with the radio power distinction: RGs with radio powers lower than 10 32 erg s −1 Hz −1 at 408 MHz exhibit almost exclusively FR I morphologies while RGs with radio powers higher than 10 34 erg s −1 Hz −1 at 408 MHz show almost exclusively FR II morphologies (Zirbel & Baum 1995) . However, in both classifications of radio power and radio morphology, there is a considerable overlap over which RGs can be identified as either an FR I or an FR II RG (Baum et al. 1988; Owen & Laing 1989; Morganti et al. 1993; Zirbel & Baum 1995) . Besides the differences in radio power and radio morphology, the strong dichotomy of RGs in optical properties has also been studied by many authors (e.g., Zirbel & Baum 1995; Buttiglione et al. 2009; Baldi & Capetti 2009 ): strong emission lines occur in the more powerful FR II RGs, but the weaker FR I RGs tend to have no emission line. FR I and FR II RGs may also correspond to the low-excitation RGs (LERGs) and high-excitation RGs (HERGs), respectively, although the low/high-excitation RGs do not have one-to-one correspondence with the FR I/FR II categories (Hine & Longair 1979; Laing et al. 1994; Hardcastle et al. 2009 ). FR I and FR II RGs may intrinsically have different accretion modes (e.g., Wu et al. 2008; Xu et al. 2009 ), which may also be unified with BL Lacertae objects (BL Lacs) and flat spectrum radio quasars (FSRQs, Xu et al. 2009; Zhang et al. 2014 Zhang et al. , 2015 . The physical reasons for the RG division are still unclear and are also highly debated. However, fuelling mechanism and merging history may play important roles (Hardcastle et al. 2007; Saripalli 2012) .
So far, only four FR I RGs have been detected at very high energy (VHE) γ-ray band (TeV band), i.e., M87 (Aharonian et al. 2003) , Cen A (Aharonian et al. 2009 ), IC 310 (Aleksić et al. 2010) , NGC 1275 (Aleksić et al. 2012) . The first confirmed GeV RG is Cen A, which is the only GeV source not belonging to the blazar class in the third EGRET Catalog of γ-ray sources (Hartman et al. 1999) . Now there are 14 RGs detected at GeV band with Fermi/LAT (Ackermann et al. 2015) . The γ-ray emission has been detected and confirmed in the radio lobes of Cen A (Abdo et al. 2010c) , which is the first detection of γ-ray emission in the large-scale extended regions of AGNs. It also confirms that there are detectable γ-ray emission for Fermi/LAT in the large-scale jets of AGNs (Zhang et al. 2009 (Zhang et al. , 2010 . Hence the investigation of radiation mechanisms and the locations of γ-ray emission for GeV RGs is very important.
It is well known that most of confirmed GeV AGNs are blazars (Ackermann et al. 2015) , which are divided into BL Lacs and FSRQs according to the strength of optical emission lines. Their spectral energy distributions (SEDs) are dominated by their jet emission and can be explained with the one-zone leptonic models (e.g., Maraschi et al. 1992; Sikora et al. 1994; Ghisellini et al. 1996; Ghisellini et al. 2009; Sikora et al. 2009; Zhang et al. 2012 Zhang et al. , 2014 Zhang et al. , 2015 Chen et al. 2012; Liao et al. 2014) . The observed SEDs of RGs resemble that of blazars; they show bimodal feature and can be also explained well by the one-zone leptonic models (Abdo et al. 2009a (Abdo et al. , 2009b Aleksić et al. 2014; Fukazawa et al. 2015) . According to the unification models for radio loud (RL) AGNs, BL Lacs are associated with FR I RGs, whereas FSRQs are usually large viewing angles and small Doppler factors (δ). Based on the large sample, we have investigated the jet properties of GeV blazars in our previous works (Zhang et al. 2012 (Zhang et al. , 2014 (Zhang et al. , 2015 . Study on the jet properties in different Doppler amplification systems and comparisons of jet properties between blazars and GeV RGs in both the observer and co-moving frames are important to understand the jet physics and the unification models.
In this paper, we compile a sample of SEDs for GeV RGs to study the radiation mechanisms and physical properties of their jets, and explore the unification model of RL AGNs by comparing the jet properties with that of a balzar sample. The sample and the observed SEDs of GeV RGs are presented in Section 2. The model and SED fitting are described in Section 3. Comparisons of jet properties between GeV RGs and blazars are presented in Section 4. A summary is given in Section 5.
SAMPLE AND DATA
Fourteen RGs with confirmed redshift have been detected with Fermi/LAT (Ackermann et al. 2015) . Table 1 .
SED MODELING AND RESULTS
As shown in Figure 1 , the observed SEDs of RGs are similar to that of blazars and are double peaked. The observed SEDs of blazars can be explained with the one-zone leptonic model and this model is also used to reproduce the SEDs of RGs by many authors, e.g., synchrotron self-Compton (SSC) scattering process (Abdo et al. 2009a; Migliori et al. 2011; Fukazawa et al. 2015) and external inverse Compton (EC) scattering process (for M87, Cui et al. 2012) . Although a more complex model with more parameters may present a better fit to the SEDs of some RGs (e.g., Tavecchio & Ghisellini 2014) , we prefer to use a simple model to fit the SEDs and to perform a statistical analysis of the jet properties on the basis of fitting results, and then compare their jet properties with that of blazars in our previous works (Zhang et al. 2012 (Zhang et al. , 2014 (Zhang et al. , 2015 .
Hence the one-zone leptonic model is used to fit the observed SEDs of these GeV RGs in this paper, where the model includes synchrotron radiation and SSC process. According to the unification models, the FR I Table 1. from broad-line region (BLR, or torus) by the relativistic electrons in jets is wildly used to explain the gamma-ray emission of FSRQs. Different from the FSRQs, the radiations of FR II RGs in both X-ray and GeV bands can be well explained with one SSC component, hence we do not consider the EC/BLR process for FR II RGs during the SED fitting in this paper 2 .
There are nine parameters in this model. The radiation region is assumed as a homogenous sphere with radius R, magnetic field strength B, and Doppler factor δ. The radius is obtained with
where ∆t is the variability timescale and listed in table 1, c is the velocity of light, and z is the redshift of each source. Similar to blazars, the GeV RGs have different variability timescales in different energy bands (e.g., Aleksić et al. 2014 ). So we use the variability timescale at γ-ray band to constrain the emission region scale. For those RGs, which have no timescale available in literature, we take ∆t = 1 d. The electron distribution is taken as a broken power law, which is characterized by an electron density parameter (N 0 ), a break energy γ b , and indices (p 1 and p 2 ) in the range of γ e to [γ min , γ max ].
There are no enough simultaneous observation data to constrain the parameters as done for blazars in our previous works (Zhang et al. 2012 (Zhang et al. , 2014 (Zhang et al. , 2015 , so the goodness of SED fitting is assessed visually.
During the process of SED fitting, p 1 and p 2 are derived with the spectral indices of the observed SEDs as 2 We checked another case, taking the EC/BLR process into account during the SED fitting for the four FR II RGs. In this scenario,
we will obtain a smaller δ value and a larger B value, but a similar Γ value for the four FR II RGs, and the following results in our log P jet : For PKS 0625-35, Cen B, and Pic A, we take γ min = 300 to calculate their jet powers, which is the median (the mean is γ min = 310) of other nine RGs.
log Pcav: The cavity kinetic powers of RGs in Meyer et al. (2011) .
reported by Zhang et al. (2012) . γ max is fixed at 100γ b and sometimes slightly varies to fit the SEDs. γ min varies from the minimum value of unity until it can well explain the SEDs. The derived values of γ min , γ b , N 0 , B, and δ are visually assessed, and may thus not be unique. The Klein-Nashina effects and the absorption of high energy gamma-ray photons by extragalactic background light (Franceschini et al. 2008) are also taken into account in our model calculations. The results of SED fitting are shown in Figure 1 , and the derived model parameters are reported in Table 1 .
We find that six SEDs of RGs in our sample are also explained with the one-zone leptonic model by other authors (Fukazawa et al. 2015; Abdo et al. 2009a Abdo et al. , 2009b Abdo et al. , 2010 Migliori et al. 2011) , and thus we compare the derived parameters with that reported in literature for these sources. Since the different radiation region sizes are taken for these SEDs, the derived parameter values are also slightly different. On the other hand, the model parameters are not independent, as discussed in Zhang et al. (2012) . For example, B and δ are dependent on each other, i.e., B ∝ δ −2 to δ −3 , which is also consistent with the theoretical result in Tavecchio et al. (1998) . The tighter constraints on B and δ would be obtained if the two peaks in the SEDs can be well constrained with the observation data (Zhang et al. 2012) .
A simultaneous SED provides the constraint on the model parameters at a given state, and then provides a snapshot of the emitting population of particles at that time (Zhang et al. 2014 , see also Bartoli et al. 2016) .
Note that the observation data from radio to γ-ray band of our sample sources are not totally simultaneous.
The variation of flux at any energy band would result in the different values of model parameters (see also Fukazawa et al. 2016) . Although a jet origin of the observed X-ray emission is suggested for some sources Zhang et al. (2012 Zhang et al. ( , 2014 Zhang et al. ( , 2015 Zhang et al. ( ). 2007 Tanaka et al. 2015) , and thus their optical and X-ray emission may not completely come from the jet radiation. However, we cannot avoid these effects with the limited observation data and also do not consider the effects in the following discussion.
COMPARISONS OF JET PROPERTIES BETWEEN GEV RGS AND BLAZARS
We have studied the jet properties of GeV blazars in our previous works (Zhang et al. 2012 (Zhang et al. , 2014 (Zhang et al. , 2015 . It is thought that RGs are the parent populations of blazars (Urry & Padovani 1995) , hence we compare the jet physical properties between GeV RGs and blazars in this section, where the data of blazars are taken from Zhang et al. (2012 Zhang et al. ( , 2014 Zhang et al. ( , 2015 . For BL Lacs, only the ones whose jet parameters can be constrained by SED fitting in Zhang et al. (2012) 
Jet Parameters
The distributions of the derived jet parameters by SED fitting are shown in Figure 2 . For most of the GeV RGs, the minimum energies of electrons (γ min ) in jets are higher than unity as given in Figure 2 (a), similar to blazars (Zhang et al. 2012 (Zhang et al. , 2014 (Zhang et al. , 2015 . Note that if the viewing angle is larger than the opening angle of the jet, the one-zone leptonic model would not be able to explain the observation data of blazars, as discussed in Zhang et al. (2015) . Hence, the viewing angle should be smaller than the opening angle of the jet in blazars, and the probability is highest when looking at the jet at the angle of 1/Γ, where Γ is the bulk Lorenz factor. When the viewing angle (θ)
is equal to the opening angle (1/Γ) of a jet, we obtain Γ = δ and then we can derive the values of viewing angle 4 with the δ values. The derived values of viewing angle are also given in Table 1 . θ ranges from ∼ 5 
Jet Power and Cavity Kinetic Power
Based on the jet parameters of SED fitting and the assumption of Γ = δ, we also calculate the jet power (P jet ). It is assumed that the jet power of RGs is carried by relativistic electrons, cold protons, magnetic fields, and radiations, i.e., P jet = i πR 2 Γ 2 cU (Ghisellini et al. 2009 ). Following our and other author's works about blazars (e.g., Ghisellini et al. 2009; Zhang et al. 2012 Zhang et al. , 2014 , the proton-electron pair assumption is also used here. The values of jet powers are also reported in Table 1 . Note that the γ min values of PKS 0625-35, Cen B, and Pic A are taken as γ min = 1 in Table 1 , which may overestimate the values of P jet . Hence we take γ min = 300 to calculate their jet powers and the powers of electrons and protons, where γ min = 300 is the median of the other nine GeV RGs. The RGs always have large-scale jets, which are believed to be connected with their central engines (Harris & Krawczynski 2006) . The observed X-ray cavities are evidence for AGN feedback and provide a direct measurement of the mechanical energy released by AGNs (Bîrzan et al. 2008; Cavagnolo et al. 2010 ). The cavity kinetic power is correlated with the radio power in large-scale of galaxies (Bîrzan et al. 2004; Cavagnolo et al. 2010; O'Sullivan et al. 2011) , and thus the cavity kinetic power (P cav ) can be estimated using the relation between P cav and radio luminosity. There are five FR I RGs (NGC 1218, NGC 1275, NGC 6251, M 87, Cen A) and two FR II RGs (3C 111 and 3C 380) in our sample with available P cav in Meyer et al. (2011) , as listed in Table 1 . Comparison between P jet and P cav for the GeV RGs is given in Figure 3 , and the data of FSRQs and BL Lacs from Zhang et al. (2014) are also presented. The distributions of RGs in the P cav -P jet plane are roughly consistent with the blazars; the five FR I RGs are in the low power end of BL Lacs, while one FR II RG overlaps with the distributions of FSRQs and another one overlaps with BL Lacs. However, with the small sample we cannot suggest that the FR I RGs are unified with BL Lacs and FR II RGs are unified with FSRQs in the P cav -P jet plane.
Jet Composition and Radiation Efficiency
In order to investigate the jet composition and radiation efficiency of RGs, we also calculate the powers carried by each components; the powers of electrons (P e ), protons (P p ), magnetic fields (P B ), and radiations (P r ). P e + P p as a function of P B , and P r as the functions of P jet and P B are shown in Figure 4 Only FR I RG PKS 0625-35 has much higher P B than its P e + P p as shown in Figure 4(a) . Therefore, the jets of RGs are likely dominated by particles. This is different from the results of blazars: the FSRQ jets are between ν s and P jet is found for all the data points in the plane with a Pearson correlation coefficient r = −0.69 and a chance probability p = 2.1 × 10 −10 . After correcting the peak frequency into the comoving frame, this correlation becomes even stronger as given in Figure 5 (d) with a Pearson correlation coefficient r = −0.74 and a chance probability p = 2.1 × 10 −12 . The distributions of the GeV RGs are roughly consistent with the distributions of these GeV blazars with slightly lower powers 6 . These results indicate that the "sequence" behavior among blazars, together with the GeV RGs, may be dominated by the jet power intrinsically. It means that the jet power regulates the synchrotron peak, as reported by Meyer et al. (2011) .
SUMMARY
A SED sample of 12 GeV RGs is collected and compiled from the literature and NED. On the basis of the derived jet parameters by SED fits with the one-zone leptonic model, we calculated the jet powers and the 6 Although the lower Pcav of RGs than that of blazars in Figure 3 may imply that RGs should have the lower jet powers, we cannot report that the jet powers of RGs should be intrinsic lower than that of blazars with the limited sample sources. And the kinetic energy of X-ray cavities only provides a lower limit to the jet energy if shocks exist in the hot gas (Bîrzan et al. 2008) . Hence, we propose powers carried by each component to investigate their jet compositions and radiation efficiencies, as well as the relations between jet power and lager-scale kinetic power. We also presented a comparison of jet properties between the GeV RGs and blazars, where the data of blazars are taken from Zhang et al. (2012 Zhang et al. ( , 2014 Zhang et al. ( , 2015 . Our results are summarized below.
-The observed SEDs of the 12 GeV RGs can be explained with the one-zone leptonic model, i.e., synchrotron + SSC model. -In the P cav -P jet plane, the distributions of RGs are roughly consistent with blazars, and extend to the low power end.
-Most of the RG jets may be dominated by particles, but their jet radiation efficiencies could be still related with the extent of their jet magnetization. On average the jet radiation efficiencies of FR II RGs are higher than that of FR I RGs.
-A strong anticorrelation between ν s and P jet is observed for the GeV blazars and GeV RGs, and this correlation becomes stronger after correcting the peak frequency into the co-moving frame, indicating that the "sequence" behavior among blazars, together with the GeV RGs, may be dominated by the jet power intrinsically.
